A high -flow personal sampler ( HFPS ) for airborne particulate matter has been developed and fully characterised, and validation tests have been carried out. The sampler is a low -cost gravimetric instrument designed to collect particulate matter with a 50% cut point at 2.5 m aerodynamic equivalent diameter ( PM 2.5 ) , where size selection is achieved by the use of porous polyurethane foam. Development of a porous foam selector was chosen over a cyclone or impactor due to the lightweight, low -cost, and compact design that could be achieved. The sampler flow rate of 16 l / min is achieved using a portable, flowcontrolled pump; this flow rate is far higher than that of conventional personal samplers and the HFPS can therefore be used for personal sampling in the ambient environment over short sampling periods of much less than 24 h. The HFPS is currently being used in a study of particle exposure of urban transport users ( cyclists, car drivers, bus and Underground rail passengers ) where personal sampling over short time periods representing typical commuter journey times is required. The HFPS was fully characterised in chamber studies with a TSI aerodynamic particle sizer ( APS ) . The sampler was then validated against a co -located U.S. EPA Federal Reference PM 2.5 Well Impactor Ninety Six ( WINS ) and a KTL cyclone, and parallel testing was performed. Initial testing showed some penetration of particles through the porous foam structure; applying an oil coating to the foam eliminated this problem. Chamber testing was carried out on a number of different selector prototypes, with the final design giving a 50% penetration diameter ( i.e., d 50 ) of 2.4 m at 16 l / min. The new sampler exhibited good agreement in three sets of co -located tests with established samplers, and parallel testing showed excellent agreement between paired HFPS samplers.
Introduction
There is evidence of a link between episodes of particulate air pollution and adverse health effects ( COMEAP, 1998; Pope, 2000) . In the UK and elsewhere, health -based standards are assessed based upon the concentration measured at outdoor fixed sites. There is increasing awareness that the concentration measured by an ambient fixed point monitor may not accurately reflect the true exposure levels of a population. Studies have consistently found higher 24 -h time -integrated personal exposure concentrations of particles than the corresponding outdoor or indeed indoor fixed point monitor 24 -h concentrations ( USEPA, 1996 ) . One reason for this may be that within a 24 -h period, people pass through a variety of microenvironments, some with possibly very high particle concentrations. There is a lack of knowledge of typical personal exposure levels in some of these microenvironments, including, potentially very importantly for urban populations, the transport microenvironment. Further, it has been suggested that peak exposures of approximately 1 h may be more relevant in terms of resulting health effects than the 24 -h sampling times that the current standards apply to (Michaels, 1996; Michaels and Kleinman, 2000 ) . However, conventional personal sampling equipment for particles is not suitable for such a short sampling time. This is due to the low flow rate and resulting small sample mass. Optical measuring devices are an alternative to gravimetric samplers, but measurements from such instruments are associated with a high degree of uncertainty due to calibration requirements ( QUARG, 1996 ) . Since no gravimetric sampler suitable for short -term sampling (i.e., t s <1 h ) of personal PM 2.5 exposure exists, the need for a high -flow personal sampler (HFPS ) has led to the development of the system described in this paper.
Methods

New Sampler Design
The three basic components of a personal particulate sampling kit are a size -selective sampling head, a filter holder with filter to collect the sample, and a flowcontrolled pump to draw air through the sampler. Firstly, the flow rate required to obtain a sufficient minimum sample mass was specified. In practice even with a six -figure microbalance and stable filters such as those made of PTFE media, a minimum weight increase of around 10 g is needed to ensure accurate gravimetric analysis, with all samples above the limit of detection (LOD ). Thus, to obtain the minimum necessary loading over a sampling time of 30 min, the flow rate would need to be of the order of 1 m 3 / h (16.7 l/min ) . This assumes that the microenvironment concentrations of interest are all at or above 20 g/m 3 . This estimated attainment concentration is based upon 2 /3 of PM 10 annual hourly mean from a roadside monitor ( London, UK ) (NETCEN, 1999 ) . This flow rate of 16.7 l/ min is considerably higher than typical flow rates of 2± 4 l/ min used in conventional personal sampling of particles.
Cyclones and impactors, the two most common types of personal size -selective samplers, were considered unsuitable for sampling at this higher flow rate due to the size and weight of the sampling head that would be required, so an alternative was sought. Porous foam particle -size selectors, typically foam plugs, have been utilised in a range of personal aerosol samplers Kenny and Stancliffe, 1997; Chen et al., 1998) . Wake and Brown ( 1991 ) described the principle behind using porous media for filtration. The dominant mechanism at high flow rates is inertial impaction; as the face velocity increases, impaction increases and so the cut point or d 50 decreases. Advantages of using foam as the size -selective medium were identified as minimal cost, and lower participant burden as the sampling head (containing the foam selector ) could be compact and lightweight. However, using foam as a size selector is still a relatively new means of preseparating particulate matter fractions for environmental particle sampling applications, and most published applications involve personal sampling at low flow rates. For example, Mark et al. (1997) report personal exposures to PM 10 measured using a sampler with porous foam selector operated at 2 l/ min.
Some of the size -selective porous foam samplers already developed utilise commercially available inhalable fraction sampling heads, i.e., they sample the particulate fraction that enters the nose and mouth during breathing and then separate the inhalable aerosol into thoracic or respirable subfractions using internal foam selectors (Kenny et al., 1998 ) . Foam selectors have been developed for two different types of inhalable sampler, one of which is the conical inhalable sampler (CIS; J.S. Holdings, UK ) . The CIS ( Figure 1 ) is made of conductive plastic and weighs just 53 g. Due to the success of this system, it was decided to adapt it, using a new foam size selector, for use as the highflow sampling head. If it is used at a flow rate higher than 3.5 l/min, the CIS will no longer aspirate the inhalable fraction of the external aerosol; however, this is not an issue for its application to PM 2.5 sampling. Theoretical calculations of aspiration, using, e.g., the method of Grinshpun et al. (1993 ) , indicate that the CIS should aspirate all particles of interest to the PM 2.5 range with greater than 97% efficiency, even at flow rates of up to 20 l/ min.
The main technical challenge in designing the HFPS was to identify a suitable foam plug with the desired size selection characteristics at a suitably high flow rate. Porous foam is only available in a limited range of nominal porosity values, graded as pores per inch ( ppi ), equivalent to the number of pores intersected per linear inch. The nominal porosity size of the foam is normally specified to a tolerance of 10 (Recticell, Belgium ) . The dimensions of the CIS unit, and hence the maximum dimensions for the foam size selector that can be fitted inside the CIS, are an inlet orifice of 8 mm opening up to 30 mm immediately in front of the filter. The filter holder utilises 37 -mm -diameter filters. The conical space between inlet and filter is approximately 25 -mm deep. Given these size constraints, flow rate constraints, and material constraints, it was recognised at the outset that relatively few solutions for high -flow PM 2.5 sampling were likely to be available, and that compromises would be necessary in order to arrive at the best overall design solution.
Model Prediction
A semi -empirical model for porous foam aerosol penetration derived by Vincent et al. (1993 ) was used to evaluate a range of inlet and foam dimensions that might produce the desired d 50 value at the chosen flow rate. In the model, the penetration of particles is a function of the foam thickness, diameter and porosity, the flow rate, and the particle aerodynamic diameter. The high flow rate requirement meant that the foam plugs would be operating at face velocities well in excess of those originally used to determine the empirical model. It was acknowledged that the model was unlikely to give accurate predictions of particle penetration for the HFPS, but would still give an indication of the cut point that would be obtained. The model was also used to parameterise variation in the cut point due to variation in porosity of the foam plugs, given the stated tolerance values.
From the starting points estimated using the Vincent et al. model, the final optimisation of the HFPS was carried out using experimental testing and design iteration. A number 
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High-flow personal sampler for PM 2.5 of prototype cassettes for holding various sizes of foam plug within the CIS were built. The foam is manufactured in 5 -mm -thick sheets; circular plugs, cut approximately 1 mm oversize to ensure a snug fit, were fitted within an aluminium holder machined for each different diameter and /or thickness of foam plug.
Measurement of the Size Selection Characteristics
The size selection characteristics of the foam plugs were measured using an aerodynamic particle sizer ( APS ) in an experimental set up fully described in Kenny et al. (1998 ) . Test aerosol was released into a calm air chamber with working volume of 1 m 3 . A rotating brush generator was used to produce the test aerosol, which was composed of spherical glass spheres ( Whitehouse Scientific, Waverton, UK ) with geometric diameters between 1 and 24 m and particle density of 2.45 g/ cm 3 . The aerosol was introduced and well mixed on top of the calm air chamber. Eddies were removed by a layer of aluminium honeycomb between the mixing and measuring zones. Electrostatic effects were minimized by introducing ions to the aerosol, both from a Kr85 source and a bipolar corona discharge ion generator. Flow was controlled using a Brooks 5850S mass flow controller. The test inlets were situated inside the chamber and were connected to the APS via two identical sampling lines, with a ball valve arrangement for switching between the lines. The APS was situated below and outside the chamber. The flow rate through the test inlets was checked before each test run using a Gilibrator 2 Flow Calibrator ( Gilian Instruments, FL, USA ).
The test procedure involved placing a CIS on each of the two sampling lines, with one CIS filter plus foam cassette containing the foam plug to be tested (i.e., no filter ) and the other cassette completely empty. The penetration through the foam plug was measured by taking five 60-s samples of the polydisperse aerosol, alternately with and without the foam plug included in the APS sampling line. In this way, other aspiration and transfer losses in the experimental system are identical for all measurements and cancel out in the calculation of penetration. The APS links to the TSI Aerosol Instrument Manager software where the output from the particle sizer is given in particle size bins between 0.5 and 20 m. The penetration for each prototype is obtained by comparing the average counts for the aerosol sampled with the foam plug to average counts sampled without the foam plug, in each size range.
Optimisation of the Foam Selector
A total of 29 sets of tests were carried out using the set up described above. Tests 01 ± 13 and 27 ±29 used a TSI 3320 APS, and tests 13 ±26 a TSI 3310A APS ( TSI, MN, USA ). A single layer of foam was used in the first group of tests, but tended to show residual penetration of particles in the higher particle size ranges. The effect, which is not predicted by the Vincent et al. model, is probably due to particles not adhering well to their original site of deposition within the foam plug. In order to solve the problem, tests were then concentrated on double thicknesses of foam and the higher nominal porosity foam grades. With these two parameters fixed, the foam plug diameter and, to a lesser extent, the flow rate were then varied until a design was obtained with the desired size selection properties.
Before use, the foam plugs were rinsed in water with a little detergent and dried at 508C for at least 1 h in order to remove manufacturing impurities and debris from the cutting tool. After initial tests suggested that residual penetration of large particles might still be occurring, an oil coating was applied to the foam plugs before use. This leaves a very thin coating throughout the foam structure to improve particle adhesion. The coating was applied by dipping the foam plugs into a 5% petroleum jelly and xylene solution. Excess solution was squeezed out and the foams then placed in a drying chamber at 508C for 24 h. In the chamber tests, this coating did not affect the cut point of the size selector, and further chamber tests subsequent to the main group of tests confirmed that the selection curve was unaltered by the addition of the coating.
Validation Tests
Both co -located and parallel testings were carried out. Parallel tests to measure agreement between paired HFPS samplers were performed in a variety of urban microenvironments. Sampling times for the parallel tests were between 20 and 180 min; nine paired samples were run. The filters used to collect the sample were PTFE media, 37 mm diameter, 2 m pore size ( Teflo, Pall Gelman, MI, USA ). The filters were pre -and post -weighed using a six -figure MT5 microbalance (Mettler -Toledo, Greifensee, Switzerland ) . An ionising blower was used to eliminate electrostatic bias effects. Changes between pre -and postbuoyancy due to changing environmental conditions, i.e., temperature, pressure, and relative humidity, in the weighing room were corrected for using the method described in Koistinen et al. (1999) . Laboratory and procedural blanks were used at every stage. The pumps were Vortex Ultra Flows (Casella, UK ); flow rate was calibrated to 16 l/ min using a Gilbrator Flow Calibrator (Gilian Instruments ).
Co -location tests to measure agreement between the new sampler and alternative PM 2.5 gravimetric samplers were performed. Three sets of co -located tests were carried out, with a total of 25 paired tests. In the first set of tests, the new sampling head was compared with a PQ200 PM 2.5 sampler (BGI, MA, USA ) . The PQ200, a U.S. EPA Designated Federal Reference Method for PM 2.5 , operates at 16.7 l/ min. The foams in the HFPS sampler were not oil -coated in these tests. The pump used for the HFPS train was a PQ100 running at 16 l/min. These static co -located tests were run in a suburban, low -particle concentration environment. The number of tests was eight, three indoors and five outdoors. Sampling times were 24 or 48 h, considerably longer than the application sampling time, due to low particle concentration environments and because only a five -figure balance was available. Filters were either glass fibre (tests 1 ±2 ) or quartz fibre (tests 3 ±8 ).
The second and third sets of co -located tests were carried out against a KTL cyclone ( BGI ) with a Buck IH pump ( A.P. Buck, FL, USA ) operating at 4 l/ min. The foams in the HFPS were coated in these tests. The pump for the HFPS and the gravimetric analysis procedures were the same as that for the parallel testing. In the second set of tests, 10 pairs of samples were taken in the actual microenvironments of interest, urban transport microenvironments. The sampling times were nearer to, but still typically longer than, the desired duration of application, with a mean sampling time of 61 min. The tests were restricted to the higher concentration microenvironments and longer time periods due to the low flow rate of the co -located sampler. In the third set of tests, seven sampling pairs were run in an outdoor urban environment, outside a fourth floor window by a main road. Sampling time was 6± 8 h.
Least squares regression analysis was performed on the three sets of data using the statistical package SPSS v. 7.5.1 ( SPSS, IL, USA ).
Results
Modelling and Chamber Tests
The details of selected tests from the 29 test runs with the modelled and measured d 50 are presented in Table 1 . The tested foam selectors were either 64 or 84 ppi foam, single or double foam layer (5 or 10 mm thick ), and had varying foam plug diameters. Figure 2 shows the d 50 as a function of flow rate for the final cassette design, tests 021 ± 029. A d 50 of 2.5 m is achieved at just over 15 l/min. The size selection curve for the new sampling head is fully characterised in the chamber tests at flow rates of 10, 13, 14, 15, 16, and 16.7 l /min. Most of the chamber tests were carried out with uncoated foam; the tests carried out with coated foams indicated no change in characteristics between treated and untreated foam plugs. Results from foam porosity tolerance tests using the Vincent model are shown in Figure 3 . The effect of variation in foam porosity indicates an approximate 0.1 m cut point change for a 5% porosity change at the range of the new size -selective inlet properties.
Validation Tests
Results comparing the HFPS with the FRM PQ200 and KTL samplers in a range of microenvironments are shown in Figures 4 and 5 . Figure 4 shows tests in the range 0± 70 g/m 3 , which are all the tests apart from the four very high concentration Tube microenvironment samples. In Figure 5 , all tests including those in the high concentration Tube microenvironment are shown. Two outliers in the PQ200 tests, which occurred in the presence of heavy pollen, using the uncoated foams were omitted. For the set of tests with the PQ200 in outdoor and indoor suburban environments, the Pearson product moment correlation coefficient was r =0.95 (n= 6 ), regression equation HFPS = 1.05 PQ200 +0.3. The average flow rate of the PQ200 was 16.7 l/min and for the HFPS, 16.0 l/ min. For the second set of tests in comparison with the KTL cyclone, in urban surface (bus and car ) transport microenvironments, the correlation was r=0.84 (n= 6 ), regression equation HFPS =0.80 KTL + 3.4. On the Underground tests, the correlation co -efficient was r =1.00 (n= 4) , regression equation HFPS = 0.63 KTL +35.1. The average flow rate of the KTL cyclone was 4.0 l/min ( SD 0.02 ) and for the HFPS, 15.9 l/min (SD 0.30) . For the third set of tests in comparison with the KTL cyclone, in an outdoor urban environment, the correlation was r=0.99 (n =7 ), regression equation HFPS =0.98 KTL À 0.6. Results from the parallel testing are presented in Figure 6 . The paired parallel tests agreed with a correlation co-efficient r=1.00 (n=9). A schematic diagram of the final foam cassette design for the HFPS is shown in Figure 7 . The foam plug is 10 mm thick and 25.4 mm in diameter, with a nominal porosity of 84 ppi. The internal diameter of the aluminium holder is 24 mm. The foam cassette is pushed into the standard filter cassette of the CIS so that particles penetrating the foam are collected onto the filter. When the CIS is assembled with the foam and filter cassette, the front conical cover of the CIS fits snugly to the top edges of the foam cassette. This sampling head is then worn in the field connected to a pump unit carried in a backpack, operating at 16l /min ( Vortex Ultra Flows ) , which weighs approximately 5.5 kg. 
Discussion
After initial prototype testing and chamber studies, a final size selector design that fulfilled the specified requirements for a HFPS for PM 2.5 was obtained. The application of an oil coating to the foam plugs has reduced any residual penetration of particles, which had been observed with the use of uncoated foam. The potential for the practical application of the use of polyurethane foam plugs as a lightweight and compact size selector for environmental sampling at high flow rates has been demonstrated.
New Sampler Characteristics
Typical size selection curves for three established PM 2.5 inlets and the HFPS inlet are shown in Figure 8 . The Well Impactor Ninety Six (WINS) is a cup -type impactor and its characteristics define the U.S. EPA Federal Reference Method for PM 2.5 . The University Research Glassware ( URG ) cyclone is commercially available and is utilised on the TEOM instruments (R&P ) including those currently monitoring PM 2.5 in London, UK (DETR, 1999 ) . The KTL cyclone, which is a GK -type cyclone (Kenny and Gussman, 1997 ) , is used in the EXPOLIS study of personal exposures to PM 2.5 (Koistinen et al., 1999 ) . The slope of the penetration curve of the HFPS, given by the square root of the ratio of the diameter of particles excluded by the sampler with an 84% efficiency to the diameter removed with a 16% efficiency, is approximately 1.46. This ratio gives an indication of the sharpness of the size selection ( Lee and Ramamurthi, 1993 ) and compares with sharpness values of 1.23, 1.45, and 1.3 for the WINS, URG, and GK selectors, respectively (Kenny et al., 2000) . Hence, the sampling efficiency curve of the HFPS, determined in the chamber studies, is less than ideal for environmental sampling when compared, e.g., to a WINS impactor. This is due to the lack of``sharpness'' in the HFPS sampling efficiency curve. Owing to the sampler's non -ideal size selection curve, the question of an optimum flow rate for the HFPS sampler requires careful consideration. If the aerosol to be sampled contains a significant component of large particles (e.g., the USEPA``coarse'' aerosol; USEPA, 1997 ) , it is better to set the flow rate at 16 l/ min in order to reduce the impact of the coarse particle``tail,'' giving an actual d 50 of approximately 2.4 m. However, if the aerosol to be sampled tends more towards the smaller particle sizes (e.g., the USEPA``fine'' aerosol), then the HFPS could significantly undersample particles in the range 1± 2 m. In this instance, a flow rate of 15 l/ min would give a lower overall sampling bias. Hence, the choice of 16 l/ min represents a compromise that is intended to give the best obtainable results under``typical'' conditions, but will lead to positive or negative sampling biases in other circumstances. This may explain the outcome of the validation tests discussed below.
Validation Tests
The indoor co-located reference sampler tests and the outdoor tests where pollen was not present showed satisfactory agreement between the new sampler and a PQ200. In the first set of co-located tests against the Federal Reference Method sampler, tests 1 ±3 (in an indoor environment ) show very good agreement between the two samplers. Tests 4 ± 8 were carried out in an outdoor environment, on a building roof. On two of these tests, where heavy pollen was present, the HFPS sampler oversampled compared to the reference sampler; for these two tests, faint yellow stains were seen in the centre of the HFPS filters, and when the filters were examined under a microscope, they were found to be pollen particles. Hence, with uncoated foams at high loading of coarse particles and over long averaging times ( 48 h ), the new sampler was exhibiting residual penetration of coarse particles. Prior to the second set of co -located tests, the foams were coated. In the two subsequent sets of tests, samples in urban surface microenvironments against the KTL cyclone showed good agreement between the two samplers, suggesting that the oil coating had eliminated the problem of residual penetration ( Figure 4 ). On the London Underground in particular, the HFPS sampler tended to undersample compared to the cyclone ( Figure  5 ). It is thought that the difference in values in this environment may be due to the different particle size distribution in the Underground as compared to the urban ground level microenvironments. The mode of the mass concentration particle distribution on the Underground has been found to be at approximately 2 m (Priest et al., 1999 ) ; hence, the reason for the difference in concentrations measured by the cyclone and the HFPS may be attributable to the different size selection curves. The cyclone has significantly higher penetration than the HFPS for small particles in the 1 ±2 m size range, as discussed above. The parallel tests showed excellent agreement between paired samplers for multiple transport microenvironments and urban roadside and background locations.
Although the penetration curve of the HFPS sampler is not``ideal,'' in that it is not sharp, the sampler represents a compromise between cost, performance, and usability. In the majority of urban transport sampling applications, the sampling bias arising from the non-sharp selection curve is likely to be small. Under extreme conditions of a very fine aerosol, sampling biases up to 35% were observed. For the intended application to urban transport situations, this bias does not present a serious problem, though for other applications it may do so.
Conclusion
A personal gravimetric sampler has been developed to sample PM 2.5 at a flow rate high enough to enable sufficient mass collection, and so accurate determination of the concentration, over averaging times of less than an hour in the ambient environment. The use of a porous foam selector has enabled a low -cost, compact sampling head to be constructed. The size -selective sampler has been fully characterized; the validation showed good agreement in colocation tests with standard PM 2.5 samplers and excellent paired sampler agreement. The sampler has been applied in a study of urban transport users' ( cyclists, car drivers, bus and Underground rail passengers ) exposure to PM 2.5 .
